Energy levels of the nitrogen-vacancy centers in diamond were investigated using optically detected magnetic-resonance spectroscopy near the electronic ground-state level anticrossing (GSLAC) at an axial magnetic field around 102.4 mT in diamond samples with low (1 ppm) and high (200 ppm) nitrogen concentration. By applying microwaves in the frequency ranges from 0 to 40 MHz and from 5.6 to 5.9 GHz, we observed transitions that involve eigenstates mixed by the hyperfine interactions. We developed a theoretical model that describes the level mixing, transition energies, and transition strengths between the ground-state sublevels, including coupling to the nuclear spin of the NV centers 14 N nucleus. The calculations were combined with the results from a fitting procedure that extracted information about the polarization of nuclear spin from the experimental curves using the model. These results are important for the optimization of experimental conditions in GSLAC-based applications, e.g., microwave-free magnetometry and microwave-free nuclearmagnetic-resonance probes.
Nitrogen-vacancy (NV) color centers in diamond crystals currently are used in a broad range of applications. They serve as qubits [1] or quantum-memory elements [2] for quantum computers, or probes for various physical properties like magnetic field [3] , electric field [4] , strain [5, 6] , rotation [7] [8] [9] or temperature [10] . They can also be used to detect the properties of electronic and nuclear spins on the surface as well as inside the diamond crystal [11] [12] [13] [14] , such as substitutional nitrogen (P1) centers [15] [16] [17] or 13 C atoms. In these experiments usually the dephasing time T 2 or the relaxation time T 1 are measured directly. NV centers are also used to study spinresonance related to cross-relaxation with other point defects in the diamond lattice [18] .
For all these applications it is crucially important to know in detail the electronic structure of the NV center, including its hyperfine structure, which arises from the interaction of the electron spin with the nuclear spin of the 14 N atom which is a part of NV center. The energy levels split by the hyperfine interaction, can interact with an external magnetic field near the field values at which their magnetic sublevels cross or have avoided crossings (e.g., GSLAC). The contribution of the hyperfine interaction to these anticrossings has been studied experimentally and theoretically for interactions with the nuclear spin of 13 C [19, 20] , 14 N [ [21] [22] [23] , and 15 N [21, 24] and using a group-theory approach [25] . * Electronic address: laima.busaite@lu.lv † Electronic address: reinis.lazda@lu.lv ‡ Electronic address: zheng@uni-mainz.de
In this study we used the method of optically detected magnetic resonance (ODMR) [26] on the ground state m s = 0 −→ m s = ±1 transitions to study the hyperfine level structure of NV-center ensembles in the vicinity of the GSLAC. We obtained the hyperfine level structure and the transition strengths from the theoretical model. Then we used a parameter-optimization procedure to fit the experimentally measured curves with the results of a theoretical calculation.
This fitting procedure yielded information about the degree of nuclear polarization of the 14 N spin in the vicinity of the GSLAC.
II. HYPERFINE LEVEL ANTICROSSING IN NV CENTERS IN DIAMOND
The NV center is composed of a substitutional nitrogen atom and an adjacent vacancy. It exists in different charged states NV 0 and NV − . In this work we focus on the energy levels of the NV − and refrain from writing out the charge state. The NV center has an electron spin S = 1 in the ground state. There are both triplet and singlet excited states as shown in Fig. 1(a) .
The NV center has a splitting between the groundstate magnetic sublevels of the electron spin m S = 0 and m S = ±1 even in the absence of an external magnetic field due to spin-spin interaction [27] . This zero-field splitting corresponds to 2870 MHz in the ground state and about 1400 MHz in the excited state. If an external magnetic field B is applied along the NV axis, the magnetic sublevels of the electron spin acquire additional energy equal to 
where γ e = 28.025 GHz/T is the electron gyromagnetic ratio, m S is the magnetic quantum number of the electron spin, and B is the magnetic field. In addition to the electronic states, 14 N has a nuclear spin I = 1 which interacts with the NV electron spin. The Hamiltonian for the NV center including the hyperfine interaction with 14 N in an external magnetic field B along the z-axis (NV axis) can be written as [15] (2) where D = 2870 MHz is the zero-field splitting of the ground-state components with spin magnetic quantum numbers m S = 0 and m S = ±1. The matrixÂ is a diagonal hyperfine-interaction tensor between the electron spin S and nuclear spin I,
where the hyperfine-interaction parameters are A = −2.14 MHz, A ⊥ = −2.70 MHz. The quadrupole interaction parameter Q = −4.96 MHz, and the strengths of the nuclear spin interaction with the external magnetic field is determined by the gyromagnetic ratio of 14 N nucleus γ n = 3.077 MHz/T. The values of the constants are taken from [15] and references therein.
A crossing between m s = 0 and m S = −1 occurs when the Zeeman splitting compensates the zero-field splitting at a magnetic field value of D/γ e =102.4 mT [see Fig. 1(b) ]. Owing to the hyperfine interaction, some of the energy levels exhibit avoided crossings or anticrossings [see Fig. 1(c) ].
It is possible to ignore the contribution of the m S = +1 sublevel when calculating the eigenvalues and eigenvectors of the m S = 0 and m S = −1 components near the GSLAC since the m S = +1 sublevel is separated from the other two by an energy corresponding to 5740 MHz. Thus, we use a "truncated" Hamiltonian that only includes the electron spin sublevels with m S = 0 and m S = −1 and the corresponding nuclear spin sublevels with m I = 0, ±1, to obtain approximate analytical solutions for the energy levels and wave functions of the hyperfine states. The energies E i of these components are
The wave functions can be written in the uncoupled basis |m S , m I as follows:
where
and
In an axially symmetric magnetic field, m S and m I are good quantum numbers, and only states with equal total electron and nuclear spin projections m S + m I are mixed. Consequently, two states from this manifold, in our notation ψ 1 and ψ 2 , remain unmixed even in a strong magnetic field. The remaining four states form two pairs of mixed states. One pair consists of states ψ 3 and ψ 4 , the other of states ψ 5 and ψ 6 . This information about the state mixing will be important when we analyze which transitions are allowed and which are forbidden when the magnetic field value is close to 102.4 mT.
Magnetic-dipole transitions between various states can be driven with an applied microwave field. The selection rules for these transitions are simple, namely, ∆m S = ±1 and ∆m I = 0 [28] .
In order to calculate the transition probabilities for these transitions, we write the Hamiltonian for magnetic dipole transitions with raising and lowering operatorŝ
and theŜ x,y are the Pauli matrices for J = 1. Then we change to theŜ basis using the ground-state eigenvectors |ψ i of the Hamiltonian from (2):
The columns of the matrix Ψ are the ground-state eigenvectors |ψ i , and 1(3) is the 3 × 3 identity matrix. Now we rewrite the magnetic dipole Hamiltonian in this basis:
(11) And then the transition probability is
III. EXPERIMENTAL SET-UP
The NV centers were optically pumped with a green 532 nm Nd:YAG laser (Coherent Verdi) and optically polarized to the m S = 0 state, while near-infrared fluorescence from the 3 E state was monitored [see the transition diagram in Fig. 1(a) ]. Following the ODMR method, a microwave field was applied to induce transitions between the ground-state sublevels that were continuously pumped to the m S = 0 state. When a MW field is on resonance with a transition from m S = 0 to m S = ±1, the fluorescence intensity decreases. As a result, the hyperfine level structure can be probed by observing the fluorescence intensity as a function of MW frequency.
We measured ODMR signals from ensembles of NV centers in two different diamond samples. One sample was a dense high-pressure, high-temperature (HPHT) crystal with a relatively high concentration of nitrogen of around 200 ppm. The other sample was produced by chemical vapor deposition (CVD) with a more dilute concentration of nitrogen of around 1 ppm. The measurements with the dense sample were performed at the University of Latvia in Riga, and measurements with the dilute sample, at the Johannes Gutenberg-University in Mainz. The laser light was coupled into a fiber that led it to a cage-system cross, in which a dichroic mirror (Thorlabs DMLP567R) reflects the green light, that in turn was coupled into another fiber that led to the sample. A small portion of the green light that passed through the dichroic mirror was used to monitor the laser power. The fluorescence from the sample, which was glued to the end of the fiber, was collected with the same fiber, and, after passing through the dichroic mirror and a long-pass filter (Thorlabs FEL0600), it was focused onto a photodiode with an amplifier (Thorlabs PDA36A-EC). (b) Mainz setup. The laser light was focused on the sample by using a lens, fluorescence was collected and measured with a photodetector (Thorlabs APD410A/M). The diamond sample is located at the center of the magnet bore. The rotation axes of the sample and the electromagnet are depicted with blue arrows.
Figure 2(a) shows the experimental setup used in Riga. The magnetic field was produced by a custom-built magnet initially designed for electron paramagnetic resonance (EPR) experiments. It consists of two 19 cm diameter iron poles with a length of 13 cm each, separated by a 5.5 cm air gap. This magnet could provide a highly homogeneous field (0.0002 mT over the sensing volume (estimated by COMSOL modeling). The diamond sample under investigation was held in place using a nonmagnetic holder (custom-made by STANDA), which provided three axes of rotation to align the NV axis with the applied magnetic field. Light with a wavelength of 532 nm (Coherent Verdi Nd:YAG) was delivered to the sample via an optical fiber with a core diameter of 400 micrometers (numerical aperture of 0.39). The same fiber was used to collect red fluorescence light, which was separated from the residual green reflections by a dichroic mirror and a long-pass filter (Thorlabs DMLP567R and FEL0600) and focused onto an amplified photodiode (Thorlabs PDA36A-EC). The signals were recorded and averaged on a digital oscilloscope (Agilent DSO5014A or Yokogawa DL6154) or a DAQ card (Measurement Computing USB-1408FS).
Figure 2(b) shows the experimental setup used for the low-density sample in Mainz. A custom-made electromagnet was used with 200 turns wound on a water-cooled copper mount. The electromagnet produced a field of 2.9 mT/A. In this setup the diamond could be rotated around the z-axis (NV axis). Moreover, the electromagnet can be moved with a computer-controlled 3D translation stage (Thorlabs PT3-Z8) and a rotation stage (Thorlabs NR360S, y-axis). In this way, all degrees of freedom for centering the diamond in the magnet and aligning the NV axis to the magnetic field were available. In this setup an AOM was used in combination with a photodiode and PID to stabilize the laser intensity.
In both setups, the microwave field was generated and amplified using two sets of devices depending on the required frequency range. In Riga, for low frequencies a TTi TG5011 generator (0.001 mHz to 50 MHz) and for high frequencies a function generator (SRS SG386) with a power amplifier (Minicircuits ZVE-3W-83+) provided up to +30dBm. In Mainz, an SRS SG386 was used as a function generator over the entire range, in conjunction with power amplifiers. At high frequencies, an RFLU PA0706GDRF amplifier (Lambda) was used. It was replaced at low frequencies with a (Minicircuits ZHL-32A+) amplifier.
IV. EXPERIMENTAL RESULTS AND ANALYSIS
A. ODMR signals for transitions to the |ms = +1 sublevel We used a parameter-optimization procedure based on a χ 2 test to determine the contribution of each transition in Fig. 3(a)-(c) to the overall lineshapes in Fig. 3(d)-(i) . To illustrate the procedure, let us consider Fig. 3(g) . This signal was recorded at a magnetic field value far away from the GSLAC. As a result, the mixing of the sublevels is insignificant, and contributions are expected only from the following three transitions: |0, 1 −→ | − 1, 1 (blue), |0, −1 −→ | − 1, −1 (purple), and |0, 0 −→ | − 1, 0 (green). In these transitions between electronic states, the nuclear spin projection m I does not change. We assumed that each transition has a Lorentzian lineshape centered at its respective transition frequency, which follows from the level energies in Eq. (4). The transition strengths for these three transitions are equal, which is indicated by the fact that all three arrows have the same transparency. Nevertheless, the relative contributions (peak amplitudes) of each transition may differ because of differences in the populations of the three ground states involved: |0, +1 , |0, 0 , and |0, −1 , corresponding to the distribution of the nuclear spin projections m I .
There are multiple ways of fitting the measured data to find the distribution of spin values, for example, one can use the spin temperature [29] method or a multipole expansion method [30] which we have used here, described below.
We characterized the effects of a nuclear spin distribution among its three possible values by modifying the identity matrix in (10) in order to enhance the probability of transitions from the sublevel with m I = 1 with respect to the other two sublevels. Concretely,
where the two parameters q 1 and q 2 characterized the distribution of nuclear polarization and could take on values between zero and unity. Next we attempted to find the set of parameters {q 1 , q 2 , B} that minimized the χ 2 value for the hypothesis that our theoretical model with these parameters described the measured data. The magnetic field value B was allowed to vary over a small range since the position of the ODMR peak depends not only on B, but also on the distribution of nuclear spin values, even far away from the GSLAC. In this way, a calibration curve for B as a function of magnet current was obtained. This curve was used instead of the parameter search procedure for magnetic field values within ±0.5 mT of the actual GSLAC position.
For each possible set of parameters, we calculated the corresponding populations of the eigenstates in (5) . From these states, we could obtain the transition strengths. The amplitude of each transition peak is proportional to product of the transition strength and the population of the relevant lower state (the m s = 1 states are assumed "empty"). Then we used the SciPy optimize function [31] to determine the widths of the Lorentzians corresponding to each of the hyperfine transition peaks. was important because the width of the Lorentzians for the 1 ppm sample is around 1 MHz and about two times larger for the 200 ppm sample. At the GSLAC the width of the Lorentzians increases due to increased relaxation rates arising from increased interaction between the hyperfine levels [15] .
We calculated the χ 2 value using this set of parameters. We repeated the procedure for the next set of of parameters and stored those that yielded the smallest χ 2 value. The peak amplitudes thus obtained are shown as the length of the colored bars in the Fig. 3(g) . The color of each bar corresponds to the color of the arrow that represent the corresponding transition in Fig. 3(a) . We proceeded in a similar fashion for all subfigures. Near the GSLAC, there are more possible transitions that must be considered as a result of sublevel mixing (as it follows from Eqn. (5)- (7)). The number of possible transitions and their relative transition strengths are indicated by the number of arrows in Fig. 3(b) and their transparency levels. from a model calculation using parameters that were obtained in a similar way as in Sec. IV A, except right at the GSLAC. For the 200 ppm sample, the fitting procedure broke down for magnetic-field values within ±0.5 mT of the GSLAC. Therefore, in Fig. 4 (e) we used the nuclear spin population distribution and peak widths obtained at the corresponding magnetic field value for the highfrequency case (Sec. IV A). The top row (a)-(c) shows the magnetic-sublevel structure in a particular magnetic field with the allowed transitions depicted with arrows whose transparency indicates the relative transition strength. The middle row (d)-(f) shows measured signals in the 200 ppm sample. The bottom row (g)-(i) shows signals measured in the 1 ppm sample. Again, above and below the GSLAC, the signals consist of three components, which correspond to the allowed transitions between hyperfine levels that are weakly mixed in the magnetic field, but at the GSLAC, there is strong mixing and more transitions must be taken into account, as indicated by the number of arrows in Fig. 4(b) . Above and below the GSLAC, the agreement between measured and calculated curves is quite good. However, right near the GSLAC there are large discrepancies: amplitude and center frequencies of the peaks do not agree. Possible reasons for the discrepancy might be a lack of microwave power, inhomogeneities in the diamond or in the magnetic field, or interactions with other nearby spins, such as P1 centers or 13 C nuclei, that were not included in our model.
Another reason for the discrepancy might be additional interactions that are not taken into account in the Hamiltonian in Eq. (2). As a result, some levels that are currently unmixed and should cross, instead would undergo anticrossing. Thus, there would be a nonzero minimum transition frequency where our model would predict that the transition frequency should approach zero near the crossing point. In fact, one could estimate the strength of Fig. 3.) the unknown interaction from the lowest peak frequency in a sweep of magnetic field values through the GSLAC. This minimum peak frequency would correspond to the closest approach of two levels in an anticrossing and thus indicate the interaction strength.
One effect that could introduce mixing in the Hamiltonian and convert crossings into anticrossings is a transversal magnetic field (introducing an angle between the leading field and the NV axis). Figure 5 shows the change of transition probabilities in the case of a small deviation from the "ideal" geometry. Figure 5(a) depicts the position of the maxima of the ODMR signal at a series of different magnetic field values. As expected, the calculated signal approaches zero frequency right at the crossing point of levels ψ 2 and ψ 5 at 102.45 mT and at the crossing point of levels ψ 1 and ψ 3 at 102.5 mT [see Fig. 1(c)] . However, when a small angle equal to 0.1 degrees is introduced between the NV axis and the magnetic field vector, which corresponds to a transverse magnetic field of 0.18 mT, the levels that initially underwent crossings now are mixed by the transverse magnetic field and instead undergo anticrossing (see inserts in Fig. 5) . As a result the calculated signal peak positions no longer reach zero frequency [see Fig. 5(b) ]. In Fig. 5(b) , the calculated and observed positions of the ODMR peaks match rather well as they do also for the |m S = 0 −→ |m s = +1 transition shown in Fig. 5(c) .
We systematically performed a number of ODMR measurements at low frequencies for a range of magnetic field values near the GSLAC. Figures 6(a) and (b) show ODMR signals measured near the GSLAC with the 200 ppm sample, and Fig. 6(c) shows signals measured with the 1 ppm sample. The black curve shows the experimentally measured signals, while the red curve represents the result of the theoretical model calculation with parameters obtained by the same fitting procedure as described in connection with Fig. 4 . Again, the nuclear spin populations and peak widths within ±0.5 mT of the GSLAC were taken from the values obtained for the high-frequency case at the same magnetic field value. Everywhere else the parameter optimization procedure was used as described in Sec. IV A. The experimental data in Fig. 6(a) and Fig. 6(b) are identical, but for the calculated curves, the NV axis and the magnetic field vector were assumed to be parallel in the former case, whereas in the latter, an angle θ = 0.1 degrees between the NV axis and the magnetic field direction was assumed. This angle was found to give the best overall agreement between the experimentally measured values and the curves obtained from the model calculations with parameter fitting.
In all these experimentally measured signals, the relative peak intensities were normalized separately for each magnetic field value, because at the GSLAC, the contrast of the signals decreased strongly in both samples, as shown in Fig. 7 . The decrease in contrast near the GSLAC is caused by energy level mixing, which redistributes the population, resulting in fewer NV centers in the ground state available for MW transitions. The vertical bars depict calculated ODMR peak positions and relative intensities. It can be seen that below and above the GSLAC the measured and calculated signals agree rather well. However, right at the GSLAC the agreement is not as good, especially for the 200 ppm sample.
C. Nuclear spin polarization
The peak amplitudes from the fit in Fig. 4(d)-(i) , thus the nuclear spin polarization [19, 24, [32] [33] [34] [35] [36] [37] [38] . Nuclear spin polarization arises from an interplay of optical pumping and sublevel mixing. sublevel via the |m S = −1, m I = +1 sublevel. However, the |m S = 0, m I = +1 sublevel is not mixed with any sublevel, and so the population tends to accumulate here, with the nuclear spin polarized to m I = +1. The nuclear spin polarization can be characterized using multipole expansion [30] , in which the zero rank multipole moment (monopole ρ 0 0 ) corresponds to population, the first rank moment (dipole moment ρ 
where n m S m I is the sum of the component intensities of all transitions from level |m S m I (5). Alignment can be calculated in a similar way as Figures 8 and 9 show the degree of spin polarization as a function of magnetic field. The populations of the nuclear spin components were obtained from the peak amplitudes obtained by the parameter fitting procedure described in Sec. IV A, and then the orientation and alignment were calculated using Eqs. (14) and (15), respectively. The data for this procedure are shown in Fig. 3 , supplemented by similar measurements at many more magnetic-field values. The population of each nuclear spin component is proportional to the corresponding peak amplitude divided by the transition strength. In both figures, the region at the center shaded in gray indicates the magnetic field values for which the model was found to be insufficient to produce the experimental signals adequately [see, for example, Fig. 3(h) ]. The polarization values extracted by our method are plotted in this region as well, but they should be taken with caution. Both figures show nuclear polarization near the GSLAC with a minimum at the GSLAC position. For the 200 ppm sample, the features are broader than in the case of the 1 ppm sample. This difference could be attributed to higher relaxation rates in the 200 ppm sample. In principle, the polarization should vanish far away from the GSLAC where there is no mixing [24] . However, we did not observe this behavior over the measured range of magnetic field values.
V. CONCLUSIONS
In this study we have observed microwave-induced transitions between the hyperfine components of the 3 A 2 ground-state sublevels of the NV center in diamond using the ODMR technique in two samples: a dilute sample with a nitrogen concentration of 1 ppm (in Mainz, Germany) and a denser sample with a nitrogen concentration of 200 ppm (in Riga, Latvia). We have de- to measure the nuclear spin polarization of 14 N, which we have demonstrated in this study. We have performed ODMR measurements on the |m S = 0 −→ |m S = −1 transition as well as on the |m S = 0 −→ |m S = +1 transition. The latter transition is somewhat simpler, since the |m S = +1 level is not involved in the anticrossing and thus serves as a useful cross-check. The ODMR technique has proven to be a useful tool for investigating how the hyperfine interaction influences the energy-level structure near the GSLAC and, with further improvements to the theoretical model, could shed more light on additional interactions and the process of nuclear polarization near the GSLAC.
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